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Summary
Background: Transcription initiation is controlled by cis-regu-
latory modules. Although these modules are usually made of
clusters of short transcription factor binding sites, a small
minority of such clusters in the genome have cis-regulatory
activity. This paradox is currently unsolved.
Results: To identify what discriminates active from inactive
clusters, we focused our attention on short topologically
unconstrained clusters of two ETS and two GATA binding sites,
similar to the early neural enhancer ofCiona intestinalisOtx. We
first computationally identified 55 such clusters, conserved
between the two Ciona genomes. In vivo assay of the activity
of 19 hits identified three novel early neural enhancers, all
located next to genes coexpressed with Otx. Optimization of
ETS and GATA binding sites was not always sufficient to confer
activity to inactive clusters. Rather, a dinucleotide sequence
code associated to nucleosome depletion showed a robust
correlation with enhancer potential. Identification of a large
collection of Ciona regulatory regions revealed that predicted
nucleosome depletion constitutes a general signature ofCiona
enhancers, which is conserved between orthologous loci in the
two Ciona genomes and which partitions conserved noncod-
ing sequences into a major nucleosome-bound fraction and
a minor nucleosome-free fraction with higher cis-regulatory
potential. We also found this signature in a large fraction of
short Drosophila cis-regulatory modules.
Conclusion: This study indicates that a sequence-based dinu-
cleotide signature, previously associated with nucleosome
depletion and independent of transcription factor binding
sites, contributes to the definition of a local cis-regulatory
potential in two metazoa, Ciona intestinalis and Drosophila
melanogaster.
Introduction
The transcriptional program of a cell largely determines its
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located at a variable distance from the gene they control [1].
Cis-regulatory sequences have a modular architecture.
Each module is constituted of a stretch of usually noncoding
genomic DNA, which acts as docking platform for transcrip-
tion factors and positively (enhancers) or negatively (silencers)
regulates transcription in specific territories. A thorough
understanding of transcriptional regulation requires the
genome-wide identification of the cis-regulatory modules
and upstream transcription factors active in the various
tissues.
Recent progress has been achieved in the large-scale
in vivo identification, by chromatin immunoprecipitation, of
enhancers active in specific cell types [2, 3]. Such experiments
provide an unprecedented view of regulatory sequences active
in individual tissues. Although it may be difficult or impossible
to experimentally identify all enhancers active in the many
cell populations that constitute a complex developing meta-
zoan, these approaches provide the raw material from which
cis-regulatory rules can be computationally extracted.
Two such rules are now routinely used to predict cis-regula-
tory potential: (1) regulatory modules usually contain a high
local density of transcription factor binding sites [4], and (2)
they are mostly located in evolutionarily conserved noncoding
sequences [5]. These simple, useful rules only have limited
predictive power. In particular, they cannot explain why only
a minority of the evolutionarily conserved clusters of con-
sensus transcription factor binding sites displays cis-regula-
tory activity in its genomic context (e.g., [6]). Thus, additional
features need to be taken into account when predicting the
activity of clusters of putative transcription factor binding sites.
Whether a binding site cluster can act as a cis-regulatory
module in tissues that express the necessary trans-acting
factors can be a function of intrinsic features of the element
sequence. These include the precise sequence of the putative
binding sites (e.g., [7]) as well as the orientation and/or spacing
between sites (e.g., [8–10]). In addition to such intrinsic deter-
minants of cis-regulation, the activity of clusters can also be
influenced by their genomic environment [11], so that clusters
located in a repressive chromatin environment may show
reduced or no activity [12]. The relative importance of intrinsic
(based on the sequence of the element) and extrinsic (based
on the genomic neighborhood of the element) determinants
of cis-regulatory activity has not yet been analyzed in detail.
To help discriminate between intrinsic and extrinsic features,
the activity of a candidate element should be tested outside of
its genomic context. For this, the element can be placed in front
of a minimal promoter driving a reporter gene, and the activity
of the construct can be tested in embryos by transient reporter
assays. Should the chromatin state or architecture normally
imposed by neighboring genomic sequences play a restrictive
role, clusters inactive in their genomic context should become
active when tested in transient reporter assays.
Such analyses would be most conclusive in a model
organism in which cis-regulatory modules are short and well
defined and where it is possible to analyze the activity of a large
number of candidate cis-regulatory modules by transient
reporter assays in embryos. Ascidians are marine invertebrate
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Figure 1. The A-Element Does Not Obey a Rigid Syntax
(A) Sequence of the a-element in Ciona intestinalis and in
Ciona savignyi. The core sequence of putative GATA and
ETS binding sites is highlighted in green and blue, respec-
tively. The distance between the center of successive
GATA and/or ETS core binding sites is represented.
(B) Two GATA and two ETS binding sites can be sufficient for
the a-element to be active. Embryos were electroporated
with WT, or mutated a-elements were placed upstream of
the basal promoter of Friend of Gata (pFOG) driving LacZ
as a reporter. Although the a-element is active from the late
32-cell stage, the analysis was performed at the 112-cell
stage to easily detect accumulated LacZ protein activity.
Triangles on the schemes (left) show binding sites and their
corresponding orientation. Red crosses indicate inactivating
point mutations. Numbers on the schematic views identify
the GATA binding sites, which are linked to their precise
sequence. The graph (right) presents the percentage of
electroporated embryos showing staining in the a6.5 or
b6.5 neural precursors with standard error of the mean
(SEM) error bars.
(C) The distance between binding sites is not constrained.
Embryos were electroporated with the schematized
constructs (left) and scored for LacZ activity at the 112-cell
stage. Numbers between binding sites represent the
distance in base pairs between the centers of the binding
site cores. The graph (right) presents the percentage of elec-
troporated embryos showing staining in the a6.5 or b6.5
neural precursors with SEM error bars. See also the
sequences of a-element variants in Table S1.
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793chordates with compact genomes [13, 14] that fulfill these two
requirements. First, the known minimal enhancers character-
ized in the major model organism, Ciona intestinalis, are short
and contain 1–3 distinct transcription factor binding sites (e.g.,
[15–19]). When tested by in ovo transient reporter assays,
these elements drive transcription in territories that reflect
their endogenous activity. Second, a very efficient transient
electroporation protocol has been designed for ascidian
embryos, in which the activity of large sets of candidate regu-
latory sequences can be tested outside of their endogenous
genomic context [19]. We thus set out to identify the determi-
nants of activity of clusters of transcription factor binding sites
in the ascidian Ciona intestinalis.
For this, we started from one of the best-characterized
enhancers in ascidians, the Otx a-element (Figure 1A). This
enhancer drives the early expression of the homeobox gene
Otx in just four neural precursor cells at the 32-cell stage in
response to an induction by the neural inducer FGF9/16/20
[15]. Careful dissection of this short (55 bp) element showed
that its activity results from a combination of binding sites
for two maternal transcription factors, GATA4/5/6 and ETS1/
2, which become posttranslationally activated in presumptive
neural cells in response to the neural inducer FGF9/16/20 [15].
The sheer simplicity of the Ci-Otx a-element constitutes an
interesting paradox. Although several thousands of clusters
of consensus ETS and GATA sites exist in theCiona intestinalisgenome, Ci-Otx is currently the only known direct
target of the fibroblast growth factor (FGF) neural
inducer. No other gene expressed specifically in
all four animal neural precursors can be identified
in the extensive collection of over 25,000 Ciona
intestinalis whole-mount in situ hybridization
profiles. This suggests that only a very small
minority of clusters of GATA and ETS binding sites
work as enhancers in vivo.In this study, we combined the computational identification
and analysis of conserved clusters of two ETS and two GATA
sites across the Ciona genomes with experimental assay of
their activity during embryogenesis. This approach allowed
us to identify a novel intrinsic sequence signature for the
cis-regulatory activity of clusters of ETS and GATA binding
sites that also applied to a collection of Ciona cis-regulatory
sequences we identified in parallel. More generally, these rules
apply to a large fraction of short Drosophila enhancers.
Results
The Architecture of the Ci-Otx A-Element Is Flexible
We first determined the minimal number of binding sites
required for the activity of the a-element. The ETS binding sites
have both been previously individually mutated and shown to
contribute to the activity of the element [15]. We individually
introduced inactivating point mutations in each of the three
putative GATA binding sites (Figure 1B; see also Table S1
available online), placed the modified a-element in front of a
minimal promoter driving LacZ, electroporated the resulting
constructs in fertilized eggs, and counted the number of
embryos with LacZ activity in neural cells. This number
provides a semiquantitative measure of the activity level of
the enhancer [15] (see Supplemental Experimental Proce-
dures). The activity of the element in neural precursors was
genomes
Figure 2. Overview of the Search Strategy Used
by SECOMOD
Left: flow chart of the search process exemplified
with a search for clusters of two GATA (GATA)
and two ETS (MGGAAR) binding sites, within a
window of 80 bp. Note the decrease in cluster
number after each step. Right: schematic repre-
sentation of the types of clusters selected at
each step. Only clusters that satisfied the criteria
for a given step (framed in red) are further
analyzed. Discarded clusters are hashed.
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794severely affected when the first (G1) or the third (G3) GATA
binding sites were mutated. In contrast, mutation of the
second GATA binding site (G2) had no significant effect.
To understand why G2 did not contribute to the activity of
the element, we changed its orientation or sequence in a
context in which G3 was mutated. In this context, expression
in neural precursors would indicate a gain of activity of the
modified G2 site. Inversion of the site had no effect (Figure 1B,
G3 mut + G2-inv), but replacing eight nucleotides centered
on the G2 core with the corresponding nucleotides of G1
rescued the activity of the element (Figure 1B, G3 mut + G2
to G1). Thus, the sequence of the G2 binding site, rather than
its orientation, reduces its activity in vivo. This suggests that
the DNA binding specificity of GATA4/5/6 is less degenerate
than anticipated.
We next tested the rigidity of the syntax of the a-element.
Two types of enhancer architectures have been described
[9]. Enhanceosomes are compact elements characterized
by a rigid architecture in which the position, orientation, and
spacing of binding sites are constrained. In contrast, billboard
enhancers tend to occupy longer stretches of genomic DNA
and have a flexible unconstrained architecture. To estimate
the rigidity of the architecture of the a-element, we modified
the orientation and spacing of ETS and GATA binding sites.
Inversion of the first GATA binding site had no significant effect
on the activity of the a-element (data not shown). Likewise,
increasing the distance between the first GATA and the first
ETS sites by half of a helix turn, the most deleterious mutations
in enhanceosomes [20], or by a full helix turn, had no signifi-
cant influence on the activity of the a-element (Figure 1C,
d(G1-E1) Inc 4 and d(G1-E1) Inc 10). Similarly, increasing the
distance between the two ETS sites by half of a helix turn
had no effect (Figure 1C, d(E1-E2) Inc 5). In contrast, enhancer
activity was lost when we reduced the spacing between the
first GATA and the first ETS sites by four nucleotides, indi-
cating that a minimal distance is required between binding
sites, presumably owing to a steric hindrance effect (Figure 1C,
d(G1-E1) Dec 4).
These data reveal that two GATA and two ETS binding sites
can be sufficient for the activity of the a-element in neural
precursors. They also indicate that, in spite of its compact-
ness, the a-element behaves as a billboard enhancer. In addi-
tion, the orientation of the whole element with respect to the
basal promoter did not matter (Figure 1B, Inv).Computational Identification
of Additional Early Neural Enhancers
We next scanned the Ciona genomes
for instances of clusters of two ETS and
two GATA sites similar to that of Otx
in the hope of identifying additional
FGF-responsive neural enhancers. Wedesigned a phylogenetic footprinting-based algorithm named
Search for Evolutionary COnserved MODules (SECOMOD).
SECOMOD performs a genome-wide search for clusters of
transcription factor binding sites present in orthologous non-
coding regions from the two aligned compact genomes of
Ciona intestinalis and Ciona savignyi (Figure 2). The algorithm
searches for clusters of binding sites in Ciona intestinalis
according to a number of sites and a cluster size specified
by the user. It then identifies the orthologous region in Ciona
savignyi and checks whether this region also contains the
required number of sites and has the correct size. In light of
the flexible syntax of the Otx element, misalignment of binding
sites between orthologous clusters in the two Cionas was not
penalized.
Using SECOMOD, we searched for clusters of two GATA and
two ETS binding sites with no other constraint than a distance
between last and first bases of consecutive sites superior or
equal to five nucleotides, a minimal sequence conservation
of 40% (which allows clusters with an overall weak sequence
conservation to be found), and a cluster length of 80 nucleo-
tides (Figure 2). We used a consensus binding site for ETS
(MGGAAR), based on the four ETS sites found in the a-element
of Ciona intestinalis and Ciona savignyi, and a relaxed GATA
site consensus (GATA). Out of the 2334 Ciona intestinalis clus-
ters that satisfied these criteria, only 508 fell in evolutionarily
conserved regions. Of those, only nine, including the Otx
a-element, matched a Ciona savignyi orthologous cluster
with at least two sites of each type (Table S2, C1 to C9).
To assay transcriptional activity in vivo, we placed a short
stretch of genomic DNA including each cluster, flanked by
approximately 35 nucleotides of genomic sequence (Table
S2), immediately upstream of a basal promoter driving the
LacZ reporter gene. These constructs were electroporated
into eggs, and their activity was analyzed at the early gastrula
stage. Clusters C4 and C9 (a-element) drove strong activity in
the progeny of the a6.5 and b6.5 neural precursors, whereas
cluster C1 showed occasional weak activity in the b6.5 lineage
(Figures 3A and 3B). Clusters C2 and C3 also behaved as
enhancers, but rather than in the neural lineages, they were
respectively active throughout the a-line neural precursors
and the a-line ectoderm (Table S2), presumably owing to the
presence of additional transcription factor binding sites in the
tested sequences. Interestingly, several independent clones
for C3 lacked one of the GATA sites, arguing that it is not under
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Figure 3. Identification of Four New Fibroblast Growth Factor Target Enhancers in Neural Precursors
(A) Activity of identified enhancers and expression pattern of their most likely target genes. Top: Xgal staining at the 112-cell stage of embryos electropo-
rated with the indicated cluster construct. Bottom: whole-mount in situ hybridization revealing the endogenous expression of the target gene at the time of
neural induction (late 32- to 44-cell stage). Labels on pictures indicate the total number of embryos analyzed. Although C35 activity was restricted to the b6.5
lineage in the majority of stained embryos, it was also occasionally detected in the a6.5 lineage (not shown).
(B) Left: architecture drawn to scale of the cloned and tested genomic clusters; the same code is used in Figures 1B and 1C. The structure of the a-element is
shown at the top. Scale bar represents 20 nucleotides. Right: histogram representing the percentage of embryos, with SEM error bars, showing expression
in the animal neural precursors.
(C) The activity of positive clusters is MEK dependent. For each cluster, representative wild-type (WT) (left) and U0126-treated (right) embryos are shown on
top of a bar chart representing the percentage of embryos showing expression in the animal neural precursors at the 112-cell stage. See also the genomic
location of positive clusters with respect to their most likely target gene in Figure S1.
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795strong evolutionary pressure in the highly polymorphic Ciona
genome. The remaining three clusters (C5, C6, and C7) showed
no transcriptional activity up to the early gastrula stage.
To extend our putative enhancer list, we lengthened the
search window to 130 bases or further relaxed the consensus
of the ETS site to HGGAWR [21] in a window of 80 nucleotides.
This led to a list of 46 additional clusters, 12 of which wereexperimentally tested by electroporation (Table S2, C10 to
C55). Two clusters (C35 and C51) showed activity in a subset
of the neural precursors (Figures 3A and 3B, b6.5-line), one
cluster (C26) drove expression in muscle precursors, and
nine clusters showed no activity (Table S2).
Overall, our approach thus identified seven new clusters
with enhancer activity. Among them, three efficiently drove
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Figure 4. Binding Site Sequences Contribute to Cluster
Activity
(A) Comparison of the putative binding sites in active versus
inactive clusters. Sequence logos of GATA and ETS sites in
all clusters tested (left), in all negative clusters (middle),
and in all positive clusters (right). Note the difference in
base frequencies between positive and negative clusters at
positions 1, 2, and 6 for ETS and position 2 for GATA.
(B) Binding site modifications affect cluster activity. Cluster
architecture before (top) and after (bottom) replacement of
GATA (green) and ETS (blue) binding sites. Binding sites
complying with the consensus of the first GATA and the first
ETS of the a-element are highlighted in orange. Bar charts
represent percentage of embryos showing expression in
animal neural precursors with SEM error bars.
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796transcription specifically in the animal neural precursors and
one cluster drove weak occasional activity in the posterior
animal neural precursors. Consistent with our expectation
that these clusters mediate transcriptional enhancer activity
in response to the FGF9/16/20 neural inducer, treatment of
electroporated embryos with the MEK inhibitor U0126 from
the 8-cell stage led to a suppression of the activity of the
a-element and of C1 and C4 and to a marked reduction in
activity of C35 and C51 (Figure 3C).
The Three Clusters with Strong Neural Activity Are Located
Next to FGF-Dependent Early Neural Genes
We next addressed whether clusters showing early neural
activity in our artificial in vivo reporter assay also display
enhancer activity in the context of the Ciona chromosomes.
For this we analyzed whether the genes located in the vicinity
of these clusters were expressed in animal neural progenitors
in a FGF/MEK-dependent fashion.
Clusters C1, C4, C35, and C51 were respectively closest to
theCi-Prickle, Ci-ELK,Ci-ERF, andCi-Nodal genes (Figure S1).
At the 44-cell stage, the three genes have a zygotic expression
profile corresponding to the domain of activity of their associ-
ated cluster (Figure 3A). As expected, endogenous neural
expression of the Ci-Otx, Ci-ELK, Ci-Nodal, and Ci-ERF genes
wassuppressed in response to MEKinhibition (datanot shown).
Expression of Ci-Prickle was not clearly detected in the animal
neural lineages, either because this gene is not expressed in
these territories or because the presence of maternal tran-
scripts prevents the detection of the zygotic signal.
We conclude that the three strong ETS- and GATA-respon-
sive enhancers active in early neural cells in reporter assays
are located close to FGF-responsive genes expressed in the
same territories. This high correlation between the results oftransient reporter assays with an artificial con-
struct and the neural expression of neighboring
genes in the endogenous genomic context
suggests that the precise chromatin environment
of the clusters is not a major qualitative determi-
nant of their activity. In the following sections, we
sought to identify intrinsic sequence determinants
of the activity of clusters of ETS and GATA sites.
ETS and GATA Binding Site Sequences
Contribute to but Are Not Sufficient
for Early Neural Enhancer Activity
As previously reported in other studies [22, 23], the
precise degree of evolutionary sequence con-
servation and transcriptional activity were notcorrelated. For instance, the sequence of the very active C51
cluster is modestly conserved between Ciona intestinalis and
Ciona savignyi, whereas the inactive C5 cluster is highly
conserved (45% and 75% of sequence identity, respectively,
Table S2). Also, consistent with the relaxed syntax of the
a-element, binding site orientation, order, and spacing differed
markedly between clusters driving neural expression
(Figure 3B).
In contrast, the precise sequences of putative GATA and
ETS binding sites differed between active and inactive clusters
(Figure 4A), suggesting that the sequence of the ETS and
GATA binding sites may be a determinant of cluster activity.
To test this idea, we chose four clusters that showed no
activity when tested by electroporation and replaced the
sequences of at least two putative ETS and GATA binding sites
with the sequence of the first ETS (E1; ACGGAAG) and first
GATA (G1; AGATAA) sites in the Ci-Otx a-element, both func-
tionally important for the activity of the a-element (Figure 1A;
[15]). These mutations were sufficient to increase the level of
activity of C1 and to confer early a6.5-line neural activity to
cluster C52. They were, however, not able to rescue activity
in clusters C49 and C53 (Figure 4B).
These results, combined with those presented in Figure 1A
(G3mut + G2 to G1), establish that the sequence of the putative
ETS and GATA binding sites is an important, but not fully
determining, parameter of enhancer activity. We thus looked
for additional sequence features, independent of the binding
sites, that would discriminate active from inactive clusters.
A Sequence Code Associated with Nucleosome Exclusion
Correlates with Enhancer Activity in Ciona
Although DNA introduced transiently into eukaryotic cells usu-
ally does not recapitulate endogenous chromatin structures
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Figure 5. An Inverse Correlation between Nucleosome
Occupancy Probability and Enhancer Activity in Ciona
Plot showing the predicted nucleosome occupancy of Ciona
elements as a function of their size.
(A) The 20 clusters of GATA and ETS binding sites tested in
this study.
(B) A set of 79 Ciona cis-regulatory modules (CRMs) com-
piled from literature or identified in this study. The color-
coded horizontal lines indicate the mean of the values for
each dataset. Means are drawn for each bin of 500 nucleo-
tides for Ciona CRMs (blue lines) and the corresponding
size-matched randomly conserved noncoding sequences
(red lines). Dashed lines indicate means over all elements
for each data set. See also Figure S2, showing a comparison
between nucleosome occupancy algorithms trained on yeast
and chick data sets, and Figure S3, showing the effect of
mono- or dinucleotide randomization on nucleosome occu-
pancy probabilities.
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797[24], it is packaged into nucleosomes [25]. Bound nucleo-
somes can occlude transcription factor accessibility to
putative binding sites, and nucleosome depletion has been
observed around functional transcription factor binding sites,
as well as at functional regulatory modules [26–29]. Nucleo-
some occupancy is partially determined by local DNA
sequence cues, thought to favor or disfavor the sharp bending
of nucleosomal DNA wrapped around the histone core (re-
viewed in [30, 31]). Several computational models have been
developed that predict the intrinsic affinity of DNA sequences
for nucleosomes (reviewed in [31]). We ran such models on the
Ciona genome to test whether the difference between active
and inactive clusters may be correlated to their predicted
affinity for nucleosomes.
The first three models we tested were trained on yeast
nucleosomal sequences [28, 32, 33]. These yeast-trained
models showed no significant correlation between nucleo-
some occupancy and cluster activity (Figure S2). By contrast,
using a model trained on a set of 177 natural chick mononu-
cleosomes [32], we found a strong correlation between pre-
dicted nucleosome depletion and cluster activity (Figure 5A).
Nucleosome occupancy probability for each of the five clus-
ters active in the neural precursors, including the a-element,
was 0.00, significantly lower (p = 5.6 3 10204) than the occu-
pancy probability of 0.61 calculated for a set of size-matched
randomly chosen conserved noncoding sequences. In con-
trast, the 12 clusters that lacked transcriptional activity had
an average occupancy probability of 0.60, identical to that of
a set of size-matched randomly picked conserved noncoding
sequences (Figure 5A). Thus, in ascidians, the predicted
intrinsic ability of an ETS and GATA cluster to exclude nucleo-
somes correlates with its transcriptional activity. It is puzzling
that a single nucleosome occupancy prediction model trained
on a set of chick, not yeast, nucleosomes correlates with tran-
scriptional activity. This may reflect the fact that nucleosome
occupancy determinants can differ between yeast and meta-
zoans [28, 34]. Alternatively, the chick-trained Segal score
may not solely reflect nucleosome affinity and may also beinfluenced by yet-uncharacterized features di-
rectly linked to transcriptional regulation. Bearing
in mind this possible complication, we consider
below that predicted nucleosome occupancy or
exclusion is a plausible interpretation of the
chick-trained Segal score.Inverse correlation between predicted nucleosome occu-
pancy and transcriptional activity was not restricted to clusters
of ETS and GATA sites. We scanned the literature and identified
35Ciona intestinalis cis-regulatory sequences active in various
territories at different stages (Table S3) (O. Tassy, P.K., F.D.,
and P.L., unpublished data; [18, 35]). To complement this
data set, we cloned 44 conserved noncoding elements acting
as cis-regulatory sequences for tissue-restricted regulatory
genes (see Supplemental Experimental Procedures). Alto-
gether, this constitutes a collection of 79 Ciona cis-regulatory
sequences identified by different routes (Table S3). Elements
shorter than 500 bp showed an average nucleosome occu-
pancy of 0.34 compared to 0.57 for size-matched randomly
picked conserved noncoding sequences (p = 1.53 3 10207)
(Figure 5B). Interestingly, the active element with highest
predicted affinity for nucleosomes is the sFRP1/5 enhancer
[16], which is a target of the ascidian ortholog of FoxAa, known
in vertebrates for its ability to displace nucleosomes [36].
Cis-regulatory modules (CRMs) are generally short, and
cis-regulatory sequences longer than 500 bp should include
both CRMs, falling in nucleosome-free regions, and nonregula-
tory DNA, falling in nucleosome-occupied regions. Indeed, the
average occupancy probability of these longer regulatory
elements was 0.45, only marginally lower than the 0.48 value
obtained for size-matched random regions (Figure 5B).
Predicted Nucleosome Exclusion Signals Are
Evolutionarily Robust and Partition Conserved
Noncoding Sequences into Fractions
with Differing Regulatory Potential
We next analyzed whether nucleosome affinity was evolution-
arily conserved between the two Ciona genomes. We used
the previous set of randomly picked conserved noncoding
sequences and compared the predicted nucleosome affinity
of orthologous loci. These Ciona intestinalis sequences
had variable nucleosome occupancy probabilities that did
not correlate with the extent of evolutionary sequence conser-
vation (Figure 6A). The affinity for nucleosomes, however,
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Figure 6. Evolutionary Conservation of Nucleo-
some Occupancy Is Independent of Nucleotide
Sequence Conservation
(A) Nucleosome occupancy probability for 3450
Ciona intestinalis randomly picked conserved
noncoding sequences (CNSs) plotted against
their level of sequence conservation as indicated
by the VISTA score.
(B) Comparison of the nucleosome occupancy
probability for the same 3450 CNSs inCiona intes-
tinalis and for their orthologous regions in Ciona
savignyi. Orthologous CNSs with high (>0.5) or
low (<0.5) nucleosome occupancy scores in
both species are marked with red and green
dots, respectively. Mauve dots represent CNSs
with widely different nucleosome occupancy
probabilities in the two species.
(C) Proportion of random (3450), active (79
enhancers and ETS-GATA clusters; Tables S2
and S3), and inactive (12 ETS and GATA clusters;
Table S2) Ciona genomic sequences found in the
three types of domains defined in (B). Low/High
Nuc Occ corresponds to a situation in which the
occupancy of the element is low in one species
and high in the other.
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798tended to be conserved at orthologous loci: 42% of sequences
had conserved high nucleosome occupancy probability (>0.5,
red dots) and 24% excluded nucleosomes in both species
(score < 0.5; green dots), whereas 34% of sequences had
markedly different nucleosome occupancy probabilities be-
tween species (mauve dots) (Figure 6B). Remarkably, patterns
of evolutionary conservation of nucleosome occupancy
strongly differed between random or inactive sequences on
the one hand and enhancers on the other (Figure 6C). Fifty-
nine percent (45 of 76) of active Ciona regulatory sequences
(8 ETS and GATA clusters and 68 enhancers conserved
between the two Ciona genomes) excluded nucleosomes in
both species, and only 13% (10 of 76) had conserved high
nucleosome occupancy, including the sFRP1/5 enhancer. In
contrast, 33% (4 of 12) of inactive clusters had predicted low
affinity for nucleosomes in both genomes, and 42% (5 of 12)
had conserved high affinity for nucleosomes (Table S2 and
Table S3).
Thus, the nucleosome occupancy probability partitions
conserved noncoding sequences into functionally distinct
subgroups. A major fraction of sequences showsevolutionarily conserved high nucleo-
some occupancy and low regulatory
potential, except perhaps for regulatory
sequences bound by factors able to
displace nucleosomes. A minor set of
sequences are devoid of nucleosomes
in both species and show higher regula-
tory potential, confirming the importance
of the nucleosome affinity code for
enhancer activity in Ciona.
Nucleosome Exclusion Signals
Contribute to a Regulatory Signature
Conserved with Drosophila but Less
Frequently Used in Humans
We finally tested whether the correlation
between predicted low nucleosome
affinity and enhancer activity was aspecific feature of ascidians or was more generally applicable
to other species.
We first analyzed Drosophila sequences. Markstein and
colleagues computationally identified in Drosophila 15 clus-
ters of binding sites for the Dorsal transcription factor across
the Drosophila genome [6, 37]. Only five of these clusters
showed an expected enhancer activity in the early neuro-
genic ectoderm, whereas the remaining ten clusters had no
transcriptional activity. The five active clusters had an
average nucleosome occupancy probability of 0.27, whereas
the ten negative clusters averaged a score of 0.67 (Figure 7A;
Table S4). To extend this data set, we extracted from the
ORegAnno database [38] a set of 313 validated Drosophila
regulatory elements smaller than 900 bp (average size
450 bp) and calculated their nucleosome occupancy proba-
bility (Figure 7B; Table S5). The predicted nucleosome occu-
pancy for these 313 CRMs (average occupancy probability =
0.45; Figure 7B) differed significantly (p = 1.35 3 10215) from
those of a set of size-matched randomly picked sequences
(average occupancy probability = 0.56). When divided into
bins of 200 bp, nucleosome occupancy probability was
AB
C
Figure 7. Evolutionary Conservation of the Correlation
between Predicted Nucleosome Occupancy and Enhancer
Activity
Plots showing the predicted nucleosome occupancy of
Drosophila and human elements as a function of their size.
(A) Active and inactive Drosophila clusters tested by Marks-
tein and colleagues [37].
(B) Active elements extracted from the ORegAnno database,
and random Drosophila sequences of similar size.
(C) Active and inactive regulatory elements extracted from
the VISTA enhancer database. The number of elements
analyzed is indicated between parentheses. The color-
coded horizontal lines indicate the average value for each
data set.
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7990.36 for sequences shorter than 200 bp (p = 1.75 3 10204).
Above 200 bp, the average occupancy in regulatory
elements increased to 0.46 (258 sequences, median = 0.49)
but remained lower in positive sequences than in size-
matched random sequences (average = 0.56, p = 3.43 3
10207). This transition may reflect that the longer sequences
in the ORegAnno data set may include both CRMs and non-
regulatory sequences, as previously noted for longer
elements in Ciona.
The genomes of Ciona and Drosophila are short, with a high
gene density and compact regulatory regions. We finally
analyzed whether predicted low nucleosome affinity also
correlated with enhancer activity in the larger vertebrate
genomes. We selected from the VISTA enhancer project [39]
a set of 422 noncoding human sequences that were conserved
with chicken and shorter than 1200 bp. Of these sequences,
161 have enhancer activity when tested in transgenic mouse
embryos, whereas 261 do not (Table S6). Predicted nucleo-
some occupancy was high and not significantly different
between the two classes of sequences (0.81 and 0.84, respec-
tively, Figure 7C). Interestingly, although few tested human
sequences had low (<0.4) predicted nucleosome occupancy,
most of these acted as enhancers, suggesting that a small
proportion of human enhancers may obey the nucleosome
depletion code more widely used by ascidians andDrosophila.
Further functional data, and in particular the identification of
sets of mammalian minimal enhancers, will be required to
assess to what extent the cis-regulatory sequences code
that we identified applies to mammals.Discussion
In spite of the recurrent finding that only a minority
of clusters of transcription factor binding sites
found in metazoan genomes act as enhancers,
few studies have mechanistically addressed the
reasons of the transcriptional silence of most
clusters present in these genomes. In this study,
we explored the parameters that determine
whether a short, simple cluster of two types of
consensus transcription factor binding sites
behaves as an enhancer in Ciona. Overall, our
results are in keeping with the previous proposal
that a balance of affinity of genomic fragments
for transcription factors and nucleosomes is a
crucial determinant of enhancer potential (e.g.,
[40]). Most importantly, our work indicates that
this balance can be predicted by the analysis of
genomic sequences. In this section, we will focuson the general implications of our work for the understanding
of metazoan transcriptional regulation.Relationship between Enhancer Compactness
and Syntax Rigidity
In spite of its compactness, the Otx early neural enhancer acts
as a flexible billboard enhancer. Consistently, the three addi-
tional early neural enhancers with similar structure that we
discovered in the Ciona genome do not share a common
binding site organization. C51 (Nodal) even displays distinct
binding site organization between the two Cionas (Table S2).
This lack of a rigid syntax in highly compact enhancers may
appear surprising, because billboard enhancers are generally
less compact than enhanceosomes. A rigid syntax would
also have been in keeping with previous reports that proteins
of the GATA and ETS families physically interact [38, 41].
Papatsenko and Levine [42] proposed that in Drosophila,
a constrained syntax may be particularly important for
enhancers that respond to limiting concentrations of transcrip-
tion factors. The abundance of maternal transcripts for ETS1/2
and GATAa suggests that, in our case, protein concentrations
may be sufficient to bypass the requirements for a constrained
syntax.
Thus, the conserved small size of the early Ciona neural
enhancers that we identified is unlikely to reflect obligatory
transcription factor interactions. Rather, we propose that it
results from the general compaction of noncoding sequences
in the small Ciona genomes.
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Our results, based on transient reporter assays, suggest that
the intrinsic sequence of putative regulatory elements plays
a larger role in their activity than the global chromatin state
at their endogenous genomic locus. Our detailed comparative
analysis of active versus inactive clusters, and more generally,
of Ciona and Drosophila enhancers, suggests that, in these
organisms, many enhancers are characterized by the joint
presence of transcription factor binding sites and a dinucleo-
tide signature associated with nucleosome depletion.
These two signatures appear to be largely independent and
of distinct nature. In contrast to the binding of transcription
factors, which involves direct base recognition in short,
specific sequence motifs, the dinucleotide signal that we iden-
tified is diffuse: randomizations that preserved dinucleotide
frequencies (Markov order 1) but destroyed the ETS and
GATA binding sites had little effect on nucleosome occupancy
probabilities (Figure S3). This diffuse dinucleotide signal prob-
ably affects the structural properties of the DNA helix and,
thereby, its ability to wrap around the histone core [43].
The absence of correlation between enhancer activity and
nucleosome occupancy predictions from several models
trained on yeast mononucleosomes suggests that nucleo-
somes may not show exactly the same affinity for DNA
sequences in yeast and metazoans, such as chicks and ascid-
ians. Consistent with a difference between yeast and
metazoan nucleosome codes, nucleosome occupancy maps
predicted by models trained on in vitro reconstructed yeast
nucleosomes show a better fit with in vivo maps in yeast
than in C. elegans [28]. Furthermore, dinucleotide signatures
for yeast, C. elegans, and human nucleosomes may differ
[34, 44]. Finally, the chick mononucleosome sequences used
by Segal and colleagues [32] to train their model may have
included signals beyond those responsible for nucleosome
binding that could also influence transcription. One could,
for example, imagine that the efficient recruitment of large
transcriptional complexes necessary for the function of meta-
zoan enhancers [1] may require specific structural properties
of the DNA helix, encoded, like nucleosome affinity, in dinucle-
otide frequencies but distinct from nucleosome exclusion
signals. Experimental validation of our favored interpretation
that the chick-trained Segal score reflects primarily nucleo-
some exclusion will require the in vivo mapping of nucleosome
positions in neural precursors, a task currently complicated by
the difficulty in purifying these rare cells in sufficient numbers.
Is There a General Metazoan cis-Regulatory Code?
The code proposed here suggests that clusters of transcrip-
tion factor binding sites are preferentially active if they are
imbedded within sequences of intrinsic low affinity for nucleo-
somes. There is strong experimental support for the idea that
transcription regulation relies on the thermodynamical compe-
tition for binding DNA between transcription factors and nucle-
osomes (reviewed in [45]). Our work is consistent with these
experiments, which it extends by suggesting that the outcome
of this competition is in large part dictated by local sequence
cues, including nucleosome exclusion signals.
Decreasing the intrinsic affinity of nucleosomes for DNA is
not the sole way to bias the competition toward transcription
factor binding. Several other mechanisms can be imagined
that could explain why the code we propose does not apply
to all enhancers. For instance, the sFRP1/5 early ectodermal
enhancer, which has a high nucleosome occupancy proba-
bility (Table S2), binds FoxA [16], a factor known to displacenucleosomes and strongly bend the DNA helix in vertebrates
[36]. One could also imagine that enhancers binding highly
abundant transcription factors may tolerate a higher affinity
for nucleosomes. Finally, nucleosome occupancy in vivo is
thought to be partially encoded in the genomic sequence
and partially due to the action of chromatin remodeling com-
plexes recruited by transcription factors (reviewed in [30]).
The relative importance of these mechanisms may vary in
different organisms, and it has been proposed that in mamma-
lian genomes, sequence-driven nucleosome positioning, and
in particular nucleosome exclusion, may play less of a role
than in ‘‘lower’’ organisms (reviewed in [31]). Thus, although
competition for binding between transcription factors and
nucleosomes may be the underlying mechanism for transcrip-
tional regulation in most organisms, this may translate into
distinct sequence signatures in different organisms. Nucleo-
some exclusion mediated by an intrinsic DNA sequence
code may apply to a larger fraction of enhancers in Ciona
and Drosophila than in mammals.
Why may Ciona or Drosophila use the code described here
to a different extent than mammals? These two invertebrates
differ from mammals in the size of their genomes, as well as
in their rate of embryonic development. The extremely rapid
early development of Ciona and Drosophila may favor a small
genome size with hard-wired nucleosome organization. In
contrast, slower mammalian development may tolerate the
slower establishment of chromatin structure through the inter-
play between transcription factors, chromatin remodelers, and
the histone core.
Although much remains to be done to reach a satisfactory
understanding of metazoan cis-regulatory codes, our study
constitutes a further step toward the elucidation of a predictive
second genetic code. It shows that a combination of careful
dissection of cis-regulatory sequences, followed by their
computational analysis, is an efficient way to identify charac-
teristic features of enhancers. Combining predicted nucleo-
some exclusion with the chick-based model described in
Segal [32], the presence of functional transcription factor
binding motifs, and phylogenetic footprinting should con-
tribute to the accurate prediction of cis-regulatory regions in
ascidians and Drosophila. Intrinsic nucleosome affinity should
thus be taken into account in the thermodynamical modeling
of transcriptional regulation in these organisms.
Experimental Procedures
The experimental procedures are described in detail in the Supplemental
Information.
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, three figures, and eight tables and can be found with this article
online at doi:10.1016/j.cub.2010.03.063.
Acknowledgments
We thank E. Haillot (currently affiliated with Station Biologique de la Darse,
Villefranche-sur-mer, France) for cloning and testing by electroporation
some of the constructs reported here, and we thank D. Sobral (IBDML) for
help with statistical analysis. F. Graziani (IBDML) performed expert animal
husbandry, and the Animal Model Service of the Roscoff Marine Biology
Station collected our Ciona. We are grateful for discussions with M. Eisen
(University of California, Berkeley) and with the members of our team. P.K.
was supported successively by the Myores Network of Excellence
(EU FP6) and the Association pour la Recherche sur le Cancer. P.L., U.R.,
and A.R. are members of CNRS, and F.D. was supported by the Marine
Metazoan cis-Regulatory Sequence Signature
801Genomics Europe Network of Excellence (EU FP6) and the Genopoˆle
Marseille-Nice. Work in the laboratory was supported by Myores, Marine
Genomics Europe, Embryos Against Cancer (EU FP6), the Agence Nationale
de le Recherche (Chor-Reg-Net Programme Blanc 2005), and CNRS.
Received: January 14, 2010
Revised: March 12, 2010
Accepted: March 23, 2010
Published online: April 29, 2010
References
1. Levine, M., and Tjian, R. (2003). Transcription regulation and animal
diversity. Nature 424, 147–151.
2. Visel, A., Blow, M.J., Li, Z., Zhang, T., Akiyama, J.A., Holt, A.,
Plajzer-Frick, I., Shoukry, M., Wright, C., Chen, F., et al. (2009).
ChIP-seq accurately predicts tissue-specific activity of enhancers.
Nature 457, 854–858.
3. Heintzman, N.D., Hon, G.C., Hawkins, R.D., Kheradpour, P., Stark, A.,
Harp, L.F., Ye, Z., Lee, L.K., Stuart, R.K., Ching, C.W., et al. (2009).
Histone modifications at human enhancers reflect global cell-type-
specific gene expression. Nature 459, 108–112.
4. Arnone, M.I., and Davidson, E.H. (1997). The hardwiring of development:
Organization and function of genomic regulatory systems. Develop-
ment 124, 1851–1864.
5. Mu¨ller, F., Blader, P., and Stra¨hle, U. (2002). Search for enhancers:
Teleost models in comparative genomic and transgenic analysis of cis
regulatory elements. Bioessays 24, 564–572.
6. Markstein, M., Markstein, P., Markstein, V., and Levine, M.S. (2002).
Genome-wide analysis of clustered Dorsal binding sites identifies
putative target genes in the Drosophila embryo. Proc. Natl. Acad. Sci.
USA 99, 763–768.
7. Silvestri, C., Narimatsu, M., von Both, I., Liu, Y., Tan, N.B.J., Izzi, L.,
McCaffery, P., Wrana, J.L., and Attisano, L. (2008). Genome-wide iden-
tification of Smad/Foxh1 targets reveals a role for Foxh1 in retinoic acid
regulation and forebrain development. Dev. Cell 14, 411–423.
8. Makeev, V.J., Lifanov, A.P., Nazina, A.G., and Papatsenko, D.A. (2003).
Distance preferences in the arrangement of binding motifs and hierar-
chical levels in organization of transcription regulatory information.
Nucleic Acids Res. 31, 6016–6026.
9. Arnosti, D.N., and Kulkarni, M.M. (2005). Transcriptional enhancers:
Intelligent enhanceosomes or flexible billboards? J. Cell. Biochem. 94,
890–898.
10. Panne, D. (2008). The enhanceosome. Curr. Opin. Struct. Biol. 18, 236–
242.
11. Wheeler, B.S., Blau, J.A., Willard, H.F., and Scott, K.C. (2009). The
impact of local genome sequence on defining heterochromatin
domains. PLoS Genet. 5, e1000453.
12. de Laat, W., and Grosveld, F. (2003). Spatial organization of gene
expression: The active chromatin hub. Chromosome Res. 11, 447–459.
13. Dehal, P., Satou, Y., Campbell, R.K., Chapman, J., Degnan, B.,
De Tomaso, A., Davidson, B., Di Gregorio, A., Gelpke, M., Goodstein,
D.M., et al. (2002). The draft genome of Ciona intestinalis: Insights into
chordate and vertebrate origins. Science 298, 2157–2167.
14. Small, K.S., Brudno, M., Hill, M.M., and Sidow, A. (2007). A haplome
alignment and reference sequence of the highly polymorphic Ciona sa-
vignyi genome. Genome Biol. 8, R41.
15. Bertrand, V., Hudson, C., Caillol, D., Popovici, C., and Lemaire, P. (2003).
Neural tissue in ascidian embryos is induced by FGF9/16/20, acting via
a combination of maternal GATA and Ets transcription factors. Cell 115,
615–627.
16. Lamy, C., Rothba¨cher, U., Caillol, D., and Lemaire, P. (2006). Ci-FoxA-
a is the earliest zygotic determinant of the ascidian anterior ectoderm
and directly activates Ci-sFRP1/5. Development 133, 2835–2844.
17. Rothba¨cher, U., Bertrand, V., Lamy, C., and Lemaire, P. (2007). A combi-
natorial code of maternal GATA, Ets and beta-catenin-TCF transcription
factors specifies and patterns the early ascidian ectoderm. Develop-
ment 134, 4023–4032.
18. Brown, C.D., Johnson, D.S., and Sidow, A. (2007). Functional architec-
ture and evolution of transcriptional elements that drive gene coexpres-
sion. Science 317, 1557–1560.
19. Corbo, J.C., Levine, M., and Zeller, R.W. (1997). Characterization of
a notochord-specific enhancer from the Brachyury promoter region of
the ascidian, Ciona intestinalis. Development 124, 589–602.20. Schatz, C., and Chatton, B. (1990). Stereoalignment requirements for
activation of transcription by the simian virus 40 enhancer. Nucleic
Acids Res. 18, 421–427.
21. Vlieghe, D., Sandelin, A., De Bleser, P.J., Vleminckx, K., Wasserman,
W.W., van Roy, F., and Lenhard, B. (2006). A new generation of JASPAR,
the open-access repository for transcription factor binding site profiles.
Nucleic Acids Res. 34 (Database issue), D95–D97.
22. Pennacchio, L.A., Ahituv, N., Moses, A.M., Prabhakar, S., Nobrega,
M.A., Shoukry, M., Minovitsky, S., Dubchak, I., Holt, A., Lewis, K.D.,
et al. (2006). In vivo enhancer analysis of human conserved non-coding
sequences. Nature 444, 499–502.
23. Li, X.Y., MacArthur, S., Bourgon, R., Nix, D., Pollard, D.A., Iyer, V.N.,
Hechmer, A., Simirenko, L., Stapleton, M., Luengo Hendriks, C.L.,
et al. (2008). Transcription factors bind thousands of active and inactive
regions in the Drosophila blastoderm. PLoS Biol. 6, e27.
24. Archer, T.K., Lefebvre, P., Wolford, R.G., and Hager, G.L. (1992).
Transcription factor loading on the MMTV promoter: A bimodal mecha-
nism for promoter activation. Science 255, 1573–1576.
25. Hebbar, P.B., and Archer, T.K. (2008). Altered histone H1 stoichiometry
and an absence of nucleosome positioning on transfected DNA. J. Biol.
Chem. 283, 4595–4601.
26. Lee, W., Tillo, D., Bray, N., Morse, R.H., Davis, R.W., Hughes, T.R., and
Nislow, C. (2007). A high-resolution atlas of nucleosome occupancy in
yeast. Nat. Genet. 39, 1235–1244.
27. Yuan, G.C., Liu, Y.J., Dion, M.F., Slack, M.D., Wu, L.F., Altschuler, S.J.,
and Rando, O.J. (2005). Genome-scale identification of nucleosome
positions in S. cerevisiae. Science 309, 626–630.
28. Kaplan, N., Moore, I.K., Fondufe-Mittendorf, Y., Gossett, A.J., Tillo, D.,
Field, Y., LeProust, E.M., Hughes, T.R., Lieb, J.D., Widom, J., and Segal,
E. (2009). The DNA-encoded nucleosome organization of a eukaryotic
genome. Nature 458, 362–366.
29. Yaragatti, M., Basilico, C., and Dailey, L. (2008). Identification of active
transcriptional regulatory modules by the functional assay of DNA
from nucleosome-free regions. Genome Res. 18, 930–938.
30. Segal, E., and Widom, J. (2009). What controls nucleosome positions?
Trends Genet. 25, 335–343.
31. Radman-Livaja, M., and Rando, O.J. (2010). Nucleosome positioning:
How is it established, and why does it matter? Dev. Biol. 339, 258–266.
32. Segal, E., Fondufe-Mittendorf, Y., Chen, L., Tha˚stro¨m, A., Field, Y.,
Moore, I.K., Wang, J.P., and Widom, J. (2006). A genomic code for
nucleosome positioning. Nature 442, 772–778.
33. Peckham, H.E., Thurman, R.E., Fu, Y., Stamatoyannopoulos, J.A.,
Noble, W.S., Struhl, K., and Weng, Z. (2007). Nucleosome positioning
signals in genomic DNA. Genome Res. 17, 1170–1177.
34. Tolstorukov, M.Y., Kharchenko, P.V., Goldman, J.A., Kingston, R.E., and
Park, P.J. (2009). Comparative analysis of H2A.Z nucleosome organiza-
tion in the human and yeast genomes. Genome Res. 19, 967–977.
35. Passamaneck, Y.J., Katikala, L., Perrone, L., Dunn, M.P., Oda-Ishii, I.,
and Di Gregorio, A. (2009). Direct activation of a notochord cis-regula-
tory module by Brachyury and FoxA in the ascidian Ciona intestinalis.
Development 136, 3679–3689.
36. Sekiya, T., Muthurajan, U.M., Luger, K., Tulin, A.V., and Zaret, K.S.
(2009). Nucleosome-binding affinity as a primary determinant of the
nuclear mobility of the pioneer transcription factor FoxA. Genes Dev.
23, 804–809.
37. Markstein, M., Zinzen, R., Markstein, P., Yee, K.P., Erives, A.,
Stathopoulos, A., and Levine, M. (2004). A regulatory code for neuro-
genic gene expression in the Drosophila embryo. Development 131,
2387–2394.
38. Montgomery, S.B., Griffith, O.L., Sleumer, M.C., Bergman, C.M.,
Bilenky, M., Pleasance, E.D., Prychyna, Y., Zhang, X., and Jones,
S.J.M. (2006). ORegAnno: An open access database and curation
system for literature-derived promoters, transcription factor binding
sites and regulatory variation. Bioinformatics 22, 637–640.
39. Visel, A., Minovitsky, S., Dubchak, I., and Pennacchio, L.A. (2007). VISTA
Enhancer Browser—a database of tissue-specific human enhancers.
Nucleic Acids Res. 35 (Database issue), D88–D92.
40. Miller, J.A., and Widom, J. (2003). Collaborative competition mechanism
for gene activation in vivo. Mol. Cell. Biol. 23, 1623–1632.
41. Morceau, F., Schnekenburger, M., Dicato, M., and Diederich, M. (2004).
GATA-1: Friends, brothers, and coworkers. Ann. N. Y. Acad. Sci. 1030,
537–554.
Current Biology Vol 20 No 9
80242. Papatsenko, D., and Levine, M. (2007). A rationale for the enhanceo-
some and other evolutionarily constrained enhancers. Curr. Biol. 17,
R955–R957.
43. Tolstorukov, M.Y., Colasanti, A.V., McCandlish, D.M., Olson, W.K., and
Zhurkin, V.B. (2007). A novel roll-and-slide mechanism of DNA folding in
chromatin: Implications for nucleosome positioning. J. Mol. Biol. 371,
725–738.
44. Gabdank, I., Barash, D., and Trifonov, E.N. (2009). Nucleosome DNA
bendability matrix (C. elegans). J. Biomol. Struct. Dyn. 26, 403–411.
45. Segal, E., and Widom, J. (2009). From DNA sequence to transcriptional
behaviour: A quantitative approach. Nat. Rev. Genet. 10, 443–456.
